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We have investigated in situ real-time monitoring of apoptosis on human promyelocytic leukemia
HL-60 cells using infrared absorption spectroscopy with the multiple internal reflection
MIR-IRAS geometry. Actinomycin D Act D-induced apoptosis on HL-60 cells was monitored
for 24 h. Apoptotic cells showed two strong peaks around the protein amide I and amide II bands
probably due to the leakage of cytoplasmic proteins, while growing viable cells showed a peak
corresponding to the secretion of metabolites and two downward peaks corresponding to uptake of
nutrients from culture media. In addition, IR absorption peak intensity of the amide I and amide II
bands was proportional to the extracellular concentration of lactate dehydrogenase, a marker protein
for cell damage. These results demonstrate that our MIR-IRAS method is useful for discrimination
of apoptotic cells from viable ones and cell apoptotic processes can be monitored in situ by
analyzing the amide I and amide II peak intensity. © 2009 American Institute of Physics.
DOI: 10.1063/1.3068203
I. INTRODUCTION
During recent years cell-based assays are becoming the
major alternative methods to animal testing for preclinical
pharmaceutical discovery,1 as researchers directly study the
effects of test chemicals upon a wide variety of cells. There
are many conventional multistep biochemical assays for
evaluating cytotoxic effects of test chemicals such as 3-4,5-
dimethylthiazol-2-yl-2,5-diphenyltetrazolium bromide test,2
neutral red uptake,2 ATP measurement,3 lactate dehydroge-
nase LDH measurement,3 or growth assay such as colony
forming efficiency.4 However, most of these methods evalu-
ate cellular responses at every scheduled time point, and do
not provide kinetic information on the dynamic interactions
occurring between living cells and test chemicals. Moreover,
these assays are time consuming and labor intensive, since
they often need multiple washing/centrifugation, staining,
and destruction of the cells.
Recently, several techniques have been reported for real-
time monitoring of cytotoxic effects, such as impedance
method,5,6 quartz crystal microbalance,7 photonic crystal
sensor,8 and infrared absorption spectroscopy IRAS.9,10
IRAS presents several advantages, such as rapidity and non-
requirement for staining or probe reagents. In addition, IRAS
has potential to provide information on multiple analytes
without disturbing the biological samples. However, the
strong water absorption requires very short path length in the
order of several micrometers. Transmission measurements
with thin path length are not suitable for cell cultures, be-
cause culturing in such a narrow space may have harmful
effects on cell viability. On the other hand, IRAS in the mul-
tiple internal reflection MIR geometry provides an ideal
configuration to combine cell culture condition and aqueous-
solution phase measurements. We have recently developed a
real-time cell monitoring system by using MIR-IRAS.9 As a
MIR prism, we used silicon Si substrate whose surface was
covered with biocompatible silicon oxide. The cell activities
were maintained by controlling the temperature and humidity
in a sample room to be 37 °C and 80%, respectively. By
using this system, we have in situ monitored a cytotoxic
effect of Tween20 on HL-60 human promyelocytic leuke-
mia cells. Tween20 is a surfactant known to cause necrotic
cell death. Since HL-60 is a floating cell that does not adhere
to a surface, Tween20-induced cell death caused a leakage of
the cytoplasmic proteins to the extracellular media, leading
to an increase in the IR absorption in the protein amide I and
amide II band regions.
In this study, we have applied our MIR-IRAS system to
long-time 24 h continuous monitoring of cell apoptosis.
Apoptosis is a genetically regulated process that plays an
essential role in the development and maintenance of cell
homeostasis.11 Effects of several anticancer agents are
strongly related to induction of apoptosis. There have been
several IR spectroscopic studies on apoptosis.12–16 However,
with these methods, cells are measured either as a dehydrated
biofilm12,13,15 or as a cell suspension after washing out of the
culture medium.14,16 In contrast to such ex situ approaches,
our method enables in situ real-time monitoring of cell apo-
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ptosis in an aqueous culture medium. We monitored IRAS
spectra of HL-60 cells after induction of apoptosis in com-
parison with viable growing cells. Since MIR-IRAS is intrin-
sically sensitive to surfaces, which was covered with culture
medium rather than the floating HL-60 cells, extracellular
changes in relation to cellular process were sensitively de-
tected. Owing to this feature, clear discrimination between
the apoptotic and viable cells was achieved by MIR-IRAS.
The peak intensity of the amide I and amide II bands was
found to be proportionally related to the extracellular con-
centration of lactate dehydrogenase LDH, which is known
as a cell injury marker. Therefore, it is demonstrated that
MIR-IRAS is useful for the in situ real-time monitoring of
cellular processes including cell growth and apoptotic cell
death.
II. MATERIALS AND METHODS
A. Fabrication of short silicon prisms
A Si prism with an optical path length of 15 mm was
fabricated and used as a MIR substrate, since longer optical
path length results in complete absorption of the IR radiation
below 1500 cm−1.17,18 Figure 1 shows the procedure for the
fabrication of the Si prisms. FZ Si 100 5250–7050  cm,
double side polished, 450 m in thickness wafers were first
thermally oxidized. The thickness of the Si oxide layer was
about 1 m. Then, the Si oxide layer was photolithographi-
cally patterned, followed by anisotropic etching of Si sur-
faces in 25% tetramethylammonium hydroxide solution un-
der constant stirring at 90 °C.19 It is well known that
aqueous bases etch Si 111 face much more slowly than
other faces. As a result, etch pits with 54.7° bevels were
generated. The Si oxide layer was used as the masking layer
of Si anisotropic etching. After etching, the Si oxide layer
was removed by a 5 % hydrofluoric acid solution. The thick-
ness of locally thinned Si layers was about 50 m. Before
each experiment the prism was cleaned in 1:1 mixture of
H2O2 and H2SO4 solution for 5 min. During this process, the
surface of Si prism was covered with a chemical oxide layer.
The prism was set on the bottom of an acrylic chamber. An
O-ring made of polydimetylsiloxane PDMS, which is bio-
compatible and commonly used for laboratory-on-a-chip
devices,20 was used for sealing between the acrylic chamber
and Si prism. To avoid absorption of the IR radiation by
PDMS, the O-ring was placed outside the optical path, as
shown in Fig. 2.
B. Temperature and humidity control system
A schematic of the present MIR-IRAS measurement sys-
tem is shown in Fig. 2. To maintain cell activities, the cell
culture condition inside the acrylic chamber was controlled
to be 37 °C in a humidified 5% CO2 atmosphere. Since the
sample room in the Fourier transform infrared FTIR spec-
trometer needs to be purged with air which was freed from
water and carbon dioxide vapor, a humidified gas mixture
containing CO2 was introduced to the chamber through sili-
cone tubes. A gas mixture containing 5% CO2, 21% O2, and
74% N2, was humidified by passing through a hot water
bottle via a bubbler. The humidified gas passes through a
water trap prior to entry into the FTIR sample room to mini-
mize condensation dropping down into the chamber. The
temperature of the water trap was maintained at 37 °C
using a thermocontroller. Another thermocontroller was at-
tached to the chamber. The humidity of the gas mixture in
the outlet of the chamber was also monitored with the ca-
pacitive humidity sensor Toplas Engineering Co. Ltd. Prior
to introduction of the HL-60 cells into the chamber, the tem-
perature in the chamber was controlled to be 370.5 °C and
the humidity in the outlet of the chamber to be more than
80%. We have previously shown that the HL-60 cells kept in
this MIR-IRAS measurement system are viable in terms of
morphology and proliferation even after 24 h incubation.9
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FIG. 1. Procedure for the formation of a short MIR prism. a Thermal
oxidation of Si wafer, b patterning of Si oxide by photolithography, c
anisotropic etching of Si, and d removal of Si oxide. A path for IR light
propagation is shown in d.
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FIG. 2. Color online A schematic of the MIR-IRAS measurement system
which controls temperature and humidity. A gas mixture containing CO2
was humidified by passing through a hot water bottle via a bubbler and
introduced to the acrylic chambers through silicone tubes. The temperature
of the water trap and the chamber was controlled by thermo controller 1 and
2, respectively.
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Since cell activities and cell cycles vary among different
sample batches, it is preferable to compare IR spectra be-
tween apoptotic cells and control cells measured at the same
time under the identical condition. For this purpose, two
sample chambers were mounted on two movable stages,
whose positions were controlled automatically by using four-
axis stage controller Sigma Koki, Mark-204 and a com-
puter. Each chamber was driven into the optical path 3 min
before each IRAS measurement.
C. Cell cultures and FTIR spectroscopy
HL-60 cells were purchased from the Riken cell bank
and were cultured in RPMI 1640 medium Gibco, supple-
mented with 10% heat inactivated fetal bovine serum FBS
Sigma, penicillin 50 IU/ml, and streptomycin
50 g /ml denoted as culture medium at 37 °C in a hu-
midified 5% CO2 atmosphere in an incubator. Cells were
seeded at 5104 cells /ml in T75 flasks and incubated in a
CO2 incubator for 24 h. The viable cells were counted by
using trypan blue Gibco. Then 1200 l portions of the
HL-60 cell suspension 1.5105 cells /ml were trans-
ferred to the acrylic chambers, which were placed in a FTIR
sample room, as depicted in Fig. 2. A reference spectrum of
each chamber was collected at 30 min after the addition of
the cell suspension in the chamber. Then, apoptosis inducer
was added to the cell suspension and infrared spectra of the
cell suspension were collected at an interval of 30 min. In-
frared light beam from an interferometer BOMEM MB-100
was focused at normal incidence onto one of the two aniso-
tropic etch pits of the Si prism, and penetrated through the Si
prism. In the wavelength region of amide I and II bands
6 m, the depth of evanescent field penetration,21 de-
fined as the distance required for electric field amplitude to
fall to e−1 of its value at the surface, is calculated to be
0.38 m when we assume that incident angle is 54.7° and
refractive indices of Si and water are 3.5 and 1.3, respec-
tively. The light that exited Si prism through the other bevel
was focused onto a liquid-nitrogen cooled mercury-
cadmium-telluride detector. All the measurements were per-
formed in a culture medium prepared from H2O. The water
vapor peaks were removed by subtracting water vapor spec-
tra which were obtained in blank experiments, yielding the
final spectra for the HL-60 cells.
D. Apoptosis induction
Apoptosis was induced by 17 M Actinomycin D Act
D, Wako or Sigma. Act D treatment is known to induce
apoptosis in HL-60 cells.22–24 Stock solutions of Act D were
prepared at a concentration of 850 M in ethanol, and a
24 l portion was added to the acrylic chamber to give a
concentration of 17 M.
E. LDH assay
The cell injury of HL-60 was also quantified by using a
LDH-cytotoxic test kit Wako. LDH is a cytosolic enzyme
present within all mammalian cells. The normal plasma
membrane is impermeable to LDH, but damage to the cell
membrane results in a change in the membrane permeability
and subsequent leakage of LDH into the extracellular fluid.25
After the MIR-IRAS measurements, a 100 l aliquot of the
culture supernatant was mixed with a 100 l aliquot of col-
oring solution nitrotetrazolium blue 3.7 mg/vial, diapho-
rase and reduced nicotinamide adeninde dinucleotide
NADH dissolved in 50 g/l DL-lithium lactate and kept for
45 min at room temperature. The reaction was terminated by
adding a 200 l portion of 0.5M HCl into the mixture. The
absorbance at 560 nm of the reaction mixture was measured
with a UV/visible spectrometer Hitachi U-1800.
F. Hoechst assay
HL-60 cells after the MIR-IRAS measurement were
fixed in 4% paraformaldehyde overnight. The treated cells
were washed twice with PBS and stained with 12.5 g /ml
Hoechst 33342 Wako in PBS for 10 min. The sample cells
were examined with a fluorescent microscope Leica DM
IRBE M2FL III with an ultraviolet filter.
III. RESULTS AND DISCUSSIONS
A. Apoptosis induction
Figure 3 shows the phase contrast and fluorescent micro-
graphs obtained from HL-60 cells treated and untreated con-
trol with Act D for 24 h in the acrylic chambers in the FTIR
sample room. Nearly all of the control HL-60 cells Figs.
3c and 3d showed normal morphology similar to that of
the viable HL-60 cells in a CO2 incubator data not shown.
As described in our previous paper, HL-60 cells in the FTIR
sample room showed almost same growth rate as those in a
CO2 incubator,
9 confirming the viability of the HL-60 cells
kept in our sample room. On the other hand, most of the
HL-60 cells treated with Act D Figs. 3a and 3b showed
cytoplasmic shrinkage, membrane blebbing, and chromatin
condensation, which are characteristic of apoptotic cells.
More than 95% of the cells were dead 24 h after incubation
with Act D, indicating apoptotic cell death.
FIG. 3. Color online Microscopic images of apoptotic a and b and
control c and d HL-60 cells after 24 h incubation in the FTIR sample
room. a and c Phase contrast images. b and d Fluorescent images
after stained with Hoechst 33342. Scale bars: 50 m for the phase contrast
images and 20 m for the fluorescent images. Apoptosis was induced by
treating with 17 M Act D.
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B. IR spectral changes due to apoptosis induction
Figure 4 shows IR spectra of HL-60 cells treated with
Act D, together with those of control cells kept in the FTIR
sample room. Reference was the spectrum collected 30 min
after the cells were placed in the FTIR sample room. IR
spectral changes in the culture medium containing FBS dur-
ing incubation were subtracted from the raw spectra. It is
expected that the absorption of serum proteins in FBS to the
Si surface reaches the steady state during the 30 min waiting,
since rapid adsorption of serum proteins to solid surfaces has
been reported.26,27 Furthermore, by subtracting the spectral
change of the culture medium during the incubation period,
the effect of serum protein adsorption on the IRAS peak
height was minimized. 1 h after addition of Act D, the IR
spectrum of the cells treated with Act D showed two peaks
around the protein amide I 1630–1650 cm−1 and amide II
1550–1570 cm−1 bands. The intensity of both bands in-
creased with time, as shown in Fig. 4a. These peaks were
assigned to the C=O stretching amide I and N–H in-plane
bending and C–N stretching modes amide II. The time-
dependent increase in the peak intensity is considered as the
gradual leakage of cytoplasmic proteins from dead cells. Cy-
tosolic enzyme LDH is a most probable candidate for such
proteins, because LDH is known as a marker for cell damage
and is released into extracellular space when the cell mem-
branes are damaged.25 The IR spectrum of LDH Fig. 4a,
the bottom spectrum showed similar profiles to those of the
late apoptotic cells 18 and 24 h. The release of LDH in the
extracellular medium was confirmed by detection with LDH-
cytotoxic test kit. It is suggested that cytosolic proteins in-
cluding LDH are released from the apoptotic dead cells,
leading to IRAS signals of the amide I and amide II bands.
In contrast to the apoptotic cells, control cells exhibited a
peak at 1576 cm−1 and two downward peaks at 1650 and
1360 cm−1, which were more pronounced for late incubation
period 12–24 h, as shown in Fig. 4b. These spectral fea-
tures are clearly different from those obtained with apoptotic
dead cells. To interpret the spectra, we measured IR spectral
change for extracellular culture medium after incubation
with HL-60 cells Fig. 4b. The spectrum thus obtained
showed similar profiles to those of the control cells for the
late incubation period, indicating that the IR spectrum ob-
served with the control cells reflects composition changes in
extracellular medium during the cell growth. We then mea-
sured IR spectra of culture medium and lactate, which is a
major cellular metabolite. Lactate showed a strong absorp-
tion peak at 1576 cm−1 Fig. 4b, which corresponds to the
carboxyl group. The culture medium RPMI1640, before
addition of FBS and penicillin, showed strong absorption
bands at 1640 and 1360 cm−1 Fig. 4b, possibly due to
nutrients, such as amino acids and glucose. When the spectra
of the control cells for the late incubation period were com-
pared to those of lactate and the culture medium, the positive
band with the control cells was similar to the absorption
band of lactate, and the positions of two downward bands
were close to the absorption bands of the culture medium
RPMI1640. These results suggest that the IR spectral
changes observed with the control cells reflect the composi-
tional changes in extracellular medium due to the excretion
of lactate and consumption of nutrients. Such spectral
changes were clearly different from those for apoptotic dead
cells which reflect leakage of cytoplasmic proteins including
LDH.
In the case of the cells treated with Act D, the amide II
band shifted from 1564 to 1548 cm−1 during apoptosis in-
duction. Similar peak shift was also observed with the amide
I band, however, the shift was not further discussed due to
strong water absorption around the amide I band. The red-
shift in the amide II band was probably due to the gradual
process of the apoptotic cell death. In the early incubation
period, most of the cells are alive, excreting metabolites such
as lactate. Then the number of apoptotic dead cells gradually
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FIG. 4. IR spectral changes of a apoptotic and b control HL-60 cells
during 24 h in the FTIR sample chamber. The reference was the spectrum
recorded 30 min after the cells were placed in the FTIR sample room. IR
spectral changes for the culture medium during 24 h incubation were sub-
tracted. IRAS spectra of a 4000 U/ml LDH and b 50 mg/ml DL-lithium
lactate and RPMI1640 are also shown. The reference for these spectra was
the spectrum of pure water. b also shows a difference spectrum of the
culture medium containing RPMI1640, FBS, penicillin, and streptomycin
before and after incubated with HL-60 cells for 48 h in a CO2 incubator. IR
spectral changes for the medium during 48 h incubation were subtracted
from the raw spectrum.
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protein, such as LDH. On the other hand, secretion of lactate
was decreasing. Therefore, the observed redshift probably
reflects the gradual decrease in secretion of lactate together
with the gradual increase in LDH release. These results dem-
onstrate that dynamic processes during apoptosis can be also
analyzed with MIR-IRAS through monitoring of composi-
tional changes in the extracellular media.
There have been many reports on the measurements of
apoptosis by IR spectroscopy.12–16 However, since they mea-
sured IR spectra for intracellular components of the target
cells, it was difficult to discriminate the subtle difference
between apoptotic and control cells. On the other hand, our
MIR-IRAS method can detect the compositional changes in
extracellular medium rather than those inside the cells, lead-
ing to clear discrimination between the apoptotic and control
cells: the apoptotic cells exhibit amide I and amide II bands
due to the leakage of cytoplasmic proteins, while the viable
cells exhibit IR signals corresponding to secretion of cell
metabolites and uptake of nutrients. Furthermore, MIR-IRAS
does not require any pretreatments, such as drying,
resuspension,12,13,15,16 and fractionation with apoptosis-
detecting reagents,14 which were commonly required for the
other IRAS approaches. This feature is advantageous espe-
cially for in situ and real-time monitoring of cellular pro-
cesses.
C. Time course
To further explore the relationship between IR spectral
changes and LDH release into the extracellular media, the
time courses of peak intensity at 1548 cm−1 amide II and
1650 cm−1 amide I were compared to that of LDH concen-
tration in the extracellular media. The time course of LDH
concentration was measured in separate experiments in
which apoptosis was induced to HL-60 cells in multiwell
plates placed in a CO2 incubator. The IR peak intensity and
LDH concentration was normalized to those observed 24 h
after apoptosis induction. When the HL-60 cells were treated
with Act D, the peak intensity at 1548 cm−1 continuously
increased with time, while only slight increase in the peak
intensity was observed with control cells Fig. 5a. These
time courses are similar to those of LDH concentration for
both the Act D-treated and control cells Fig. 5c, indicat-
ing that the observed time course of the peak intensity at
1548 cm−1 reflects the released amount of LDH, a marker
protein for cell injury. Similar time-dependent increase in the
peak intensity at 1650 cm−1 was also observed for the Act
D-treated cells, while a gradual decrease in the peak intensity
was observed for the control cells Fig. 5b. The time-
dependent decrease in the peak intensity at 1650 cm−1 with
the control cells was probably due to the consumption of
nutrients during cell growth. These results suggest that the
peak intensity at both the amide I and amide II bands can be
used as a measure for monitoring cell damage and/or cell
death. Although the amide I signals were slightly noisier than
the amide II ones, possibly due to the water absorption
around 1650 cm−1, the opposite spectral changes between
the apoptotic and control cells is useful for discriminating
them.
D. Relationship between the peak height at the amide
bands and cell death
Next, we examined a relationship between the peak
height of amide bands and extracellular concentration of cell
injury/death marker LDH by incubating HL-60 cells at vari-
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FIG. 5. Time courses of the peak intensity at a 1548 cm−1 amide II and
b 1650 cm−1 amide I. Typical time courses obtained from one experi-
mental pair of apoptotic and control cells are shown. c Time course of
LDH concentration in extracellular media. The peak intensity and LDH
concentration was normalized to those observed 24 h after apoptosis induc-
tion. In the LDH assay experiment, cell suspension was prepared in a same
manner as the MIR-IRAS experiment and transferred to a multiwell cell
culture plate in a CO2 incubator. Cell apoptosis was induced by 17 M Act
D and extracellular LDH concentration at given time points was determined
using LDH-cytotoxic test kit. Each data point represents average of three
measurements.
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formed for the extracellular medium taken from the cell
samples after MIR-IRAS experiments and the LDH concen-
tration was plotted against the peak height of the amide I and
amide II bands Fig. 6. Data obtained from necrotic cells
treated with 0.2 % v /v Tween20 were also included. As
shown in Fig. 6a, a proportional relationship was observed
R2=0.94 between the peak height of the amide II band and
the extracellular LDH concentration for all the cells exam-
ined, including apoptotic, necrotic, and control cells. This
result suggests that the peak height at 1548 cm−1 can be a
measure for evaluating cell death as well as the amount of
LDH release. However, owing to the overlap of the amide II
band with the absorption due to metabolites, it was difficult
for the amide II band alone to discriminate between the apo-
ptotic cells and control cells incubated for long hours.
We then examined a relationship between the peak
height at 1650 cm−1 amide I and the extracellular LDH
concentration Fig. 6b. A proportional relationship was
also observed R2=0.90 between the peak height of the
amide I band and LDH concentration for the apoptotic and
necrotic cells. Of note is that plots for the control cells devi-
ated from the proportional line due to the downward peak
around 1650 cm−1. These results indicate that the amide I
peak can be used as a measure for discriminating the apop-
totic and viable ones.
In IR spectroscopic analysis of biological substances in
aqueous-solution samples, the peak height of the amide II
band rather than that of the amide I band has been commonly
used due to the strong water absorption in the amide I
region.10,28 On the other hand, the present results showed that
both the peak height of the amide I and amide II bands ex-
hibited a good linearity to the extracellular concentration of
LDH, suggesting that both peaks can be a measure for cell
damage/death, if the correction for the presence of water was
carried out appropriately. This discussion is also supported
by our previous MIR-IRAS study on protein-protein interac-
tions in aqueous solutions, in which we demonstrated that
the amide I signal was as reliable as the amide II signal for
the quantitative analysis of proteins.29
Apoptosis has been detected by several assays that ana-
lyze distinct biochemical events during apoptosis, such as
fragmentation of genomic DNA,30 externalization of
phosphatidylserine,31 and release of LDH in the extracellular
medium.32 In contrast to these methods, which need multiple
washing/centrifugation, staining, and destruction of the cells,
MIR-IRAS does not require any pretreatments and is suitable
for real-time and in situ monitoring of cell apoptosis. Al-
though our method is not feasible for detecting distinct bio-
chemical compounds, IRAS spectra can provide global in-
sight into apoptotic processes. Therefore, MIR-IRAS is a
label-free monitoring method for apoptosis, which is
complementary to the conventional biochemical assays.
IV. CONCLUSION
We have investigated cell apoptosis on HL-60 cells us-
ing MIR-IRAS. It was revealed that apoptotic cell death
caused release of cytoplasmic proteins such as LDH in the
extracellular medium, leading to an increase in the peak in-
tensity at the amide I and amide II regions. On the other
hand, control viable cells showed completely different spec-
tral features from the apoptotic cells. The peak intensity of
both the amide I and amide II bands was positively corre-
lated with the extracellular LDH concentrations, demonstrat-
ing the usefulness of these bands as a measure for the cell
damage/death. Although we investigated floating HL-60 cells
as an illustrating example, MIR-IRAS can be applicable to
monitoring other cells including adherent cells. Investigation
on IRAS monitoring of apoptosis in adherent cells is now in
progress. Thus, the MIR-IRAS is useful as a real-time moni-
toring method for cellular processes without using any exter-
nal reagents which may cause a potential perturbation to the
cells.
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FIG. 6. Statistical correlation between the IR peak intensity at a
1548 cm−1 and b 1650 cm−1 and the extracellular LDH concentration.
Cell death was induced either by 17 M Act D or 0.2% v /v Tween20.
HL-60 cells were treated with Act D for 10 h , n=4 or 24 h , n=3, or
Tween20 for 5 h , n=2. Control cells were kept for 5 h , n=2 or 24
h , n=3 without adding any reagents.
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